The likelihood of experiencing hot extremes has drastically increased due to global warming. Using 554 ground-based air temperature stations, changes in the number of hot days (NHD) in the Chinese mainland during 1960 to 2011 was investigated. We found that the NHD of the current period was 70% higher than that of the base period . This NHD increment was attributed to the increased summer air temperature mean and its extended hot tail length-defined as the range of the mean and 90th percentile of summer air temperature. To distinguish the relative contribution of air temperature mean and hot tail length change to the NHD occurrence, a numerical-based frame work was proposed. Results showed that global warming (mean temperature increase) contributes approximately 75% of the total NHD increment. Although the average contribution of the hot tail length change is relatively small, it dominates the NHD change in regions where global warming is insignificant, e.g., the central part of China. Results suggest that frameworks and models that fail to capture the air temperature tail changes will result in biased low hot extreme occurrence estimations. This low bias would be particularly significant in regions where the mean temperature change is marginal. Hence, capturing the tail change should be the key model evaluation criterion in regions where the annual mean temperature change is relatively insignificant.
Introduction
Hot extreme occurrence has significantly increased in the past decades [1] [2] [3] , and has caused tremendous economic losses and mortalities [4] [5] [6] . Environmental factors causing the hot extremes were investigated by previous studies. For instances, dry soils limit the latent heat flux and, hence, heatwaves can be triggered and intensified by soil moisture deficit (e.g., [7] [8] [9] ). Atmospheric heat accumulation and blocking can also induce heatwaves [7, 10] .
Independent from these specific environmental triggers, human-induced global warming plays a crucial role in directly causing hot extreme events [11, 12] . Extreme hot days are defined as days with air temperature exceeding certain thresholds. Therefore, global warming will increase the probability of exceeding these prescribed thresholds, which leads to an increased risk of experiencing hot days. For example, in July 2010 Moscow might not (80% probability) have experienced heatwaves without global warming [13] . Likewise, human-induced global warming doubled the risk of the Europe 2003 heatwave [14] . The analyses from different parts of the world showed the widespread significant changes in temperature extremes in the recent past, especially in the last few decades [15, 16] . There is growing evidence that such extreme temperature events will become more frequent and more severe in the future [17, 18] .
Both recent model-based analyses and in-situ-based analyses confirmed an increasing trend of hot extreme occurrence in China [19, 20] , which was attributable to human activities [21] . Although the temporal mean air temperature change is a key contributor to the increased hot extremes in China, the increased variance of air temperature might also have significant impacts on the risk of hot extreme occurrence [22] . Provided the air temperature is normally distributed, an increased variance means the air temperature distribution has heavier tails, i.e., air temperature can vary over a broader range. Consequently, the increased air temperature variance/tail length can lead to the increasing probability of hot extreme occurrence. A recent study found that the long-term air temperature might not be normally distributed [23] , which showed that the tails of the air temperature distribution could be significantly heavier than that of normal distribution. It implied that the likelihood of experiencing hot extremes might be much higher than the estimates, based on the air temperature variance.
Quantifying the relative contributions of the mean and hot tail change (defined as the range of mean and 90th percentile summer air temperature) to the hot extremes, has significant importance for understanding the impacts of global warming and evaluating current climate models. For instance, provided the likelihood of hot extreme occurrence is primarily attributed to the protracted tails of air temperature distribution, models that better capture the tails are more suitable for projecting future extreme event occurrences, and vice versa. Clearly, such analysis can be directly used to determine models and reanalyze systems for analyzing and predicting China's hot extreme changes. Unfortunately, the change and the relative contributions of air temperature mean and tail length change to hot extreme occurrence probability are rarely reported.
The goal of this study was therefore to: (1) investigate the change of the mean and the hot tail length of air temperature distributions in the past decades; (2) quantify the relative contribution of the mean and the tail length change to the hot extreme occurrence change. This study focused on the Chinese mainland, and the long-term (1961-2011) high-quality, ground-based air temperature networks were used to analyze the hot extremes.
Methods and Data Collection

Air Temperature Data
The screen level (2-m) ground-based air temperature observations from 756 stations were provided by China Meteorological Data Service Center (CMDC). The air temperature data were available from 1960 to 2011 (http://data.cma.cn). The meteorological data were well qualitycontrolled, which aimed to provide reliable ground-based air temperature data for climate studies [24] .
Several stations still contain missing values during the periods of air temperature station malfunction. To avoid the potential impacts of sampling size differences across stations, we limited ourselves to use stations where the summer (June to August) missing values were less than 5%, for both the base period ) and the current period (1991-2011). In total, air temperature data collected from 554 stations were used. Note that all air temperature data were independently observed. Therefore, we assumed that air temperature statistics calculated from these 554 sites contained no cross-correlated errors.
Number of Extreme Hot Days (NHD)
Similar to the previous studies [9, 25] , the threshold temperature was defined as the 90th percentile of the base period (1960-1990) summer air temperature, at each station. Days with daily mean temperature exceeding this threshold value were defined as hot days. The number of hot days (NHD) was calculated as the annual mean of the number of the hot days during the current period (1991-2011, note as NHD-C), as well as the base period (1961-1991, note as NHD-B).
Decomposing the NHD Change Contributors
As noted above, the changed mean and the hot tail length of the summer temperatures were the key contributors of the NHD changes. Hence, in order to differentiate between these two contributors, we first need to define the mean and the hot tail length change between the current and the base period. In this study, the hot tail length was defined as the mean to 90th percentile range of long-term summer air temperature.
The mean summer temperature change was calculated as the difference of the annual mean summer temperature between the current (1991 to 2011) and the base period , for each station.
The hot tail length comparison essentially compared the shape change of the air temperature distribution between the two periods. To avoid assuming that air temperature follows certain probabilistic density distributions, we proposed a new concept to directly analyze tail length changes, using empirical sampling distributions. This was done by directly shifting the mean temperature of the current period to the base period:
where T , is the created reference air temperature data at station i and time t; T and T are the mean air temperature of station i for the current and the base period, respectively. The hot tail length of and was calculated as the temperature range of 90th percentile and the maximum summer air temperature of the base and the current period, respectively.
Likewise, the NHD was calculated for each station using T , denoted as NHD-R. Figure 1 illustrates the NHD contribution decomposition using NHD-R. The change in NHD due to a change in the mean (presumably induced by global warming) was found by assuming no change in the shape of the distribution estimated in the current period but only due to a shift of the entire distribution. The remaining change was due to a modified shape, or change in hot tail length, and the sum of the two differences equals the total change in NHD, as illustrated in Figure 1 . 
Results
China's Long-Term Air Temperature Distribution Change
The spatial variability of mean summer temperature increase is shown in Figure 2a . Generally, mean summer temperature increment decreases from north to south. The mean summer temperatures were mostly unchanged in the central part of China. On average, the summer mean temperature of 1991-2011 was 0.53 K higher than that of the base period (Figure 2b) . Figure 2c shows that the tails of the summer temperature distributions were substantially extended in the southern part of China and Inner Mongolia. Figure 2d represents 66% of the 554 hot tail length (K) stations that showed increased hot tail lengths in total. A paired t-test showed that the hot tail length of mean summer air temperature during 1991-2011 was significantly (p < 0.05) increased by 0.8 percent (Figure 2d ). 
The Spatial Distribution of China's Annual Mean NHD Change
Since the threshold of hot days was defined as the 90th percentile of the summer temperatures of the base period (1960 to 1990), the likelihood of the heat extreme occurrence was 10%. Thus, the NHD of the base period was approximately 9 days per year, across all stations (Figure 3a) .
Compared to the base period, the NHD during the period of 1991 to 2011 increased substantially (Figure 3b,c) . Spatial variability of both NHD and its increment was observed. For instance, the northern part of China and the southeast coast experience approximately 20 hot days per year, which are approximately 10 days more than the base period. On the contrary, the increment of NHD was relatively small in Central China, and some stations even showed a decreased NHD (Figure 3b ). On average, the likelihood of NHD occurrence during 1991 to 2011 was 70% higher than that of the base period (1960 to 1990). Figure 4 shows that the mean temperature rise primarily determined the NHD change. Global warming and hot tail length protraction averagely results in 4.5 and 1.5 NHD increment (Figure 4d) , respectively, i.e., mean temperature rise was responsible for approximately 75% of the NHD change.
Mean and Hot Tail Length Change Induced NHD Change in China
Since the spatial distribution of the NHD increment was tightly correlated to the spatial pattern of mean temperature increase (Figures 2a and 4a) , areas with strongest global warming were also associated with largest NHD increase, e.g., Inner Mongolia.
Although the average hot tail length change impact on NHD was relatively small (Figure 4b) , it dominated the NHD of Central China (Figure 4c) , where the tail length change could increase NHD up to 7-10 days-primarily in the southern part of Central China (Figure 4b,d ). 
Discussion and Conclusions
Ground-based air temperature observations showed that the distribution of summer air temperature in the Chinese mainland has significantly (p < 0.05) increased mean and a prolonged hot tails in recent years (1991 to 2011). Strong spatial variability of the air temperature distribution change, i.e., the shifted mean and protracted hot tails, was observed. Generally, the air temperature distribution change was more severe in Inner Mongolia and the southeast coast.
As demonstrated in previous studies, both global climate warming and anthropogenic activities are the key contributors of air temperature warming in China [19] . However, the cause of the prolonged air temperature hot tails is yet unknown. This might be partly related to enhanced landatmosphere coupling strength. As shown in [26] , a decreased soil moisture supply generally enhances the strength of land and atmosphere feedback, which eventually increases the variability of summer air temperatures. Likewise, anthropogenic activities might also increase China's hot tail length. However, entirely attributing the impacts of these factors on China's air temperature change was beyond the scope of this study. Instead, the goal of this study was to quantify the bulk deformation of China's air temperature distribution and its impact on NHD.
The results were particularly relevant to hot extreme prediction framework validation and modification. Frameworks that assume that temperature distribution tail length was temporally stationary (e.g., [13] ) could underestimate up to 25% of the hot extreme occurrence probability. This bias would be most noticeable at regions where mean temperature change was relatively small, e.g., Southeast China. Additionally, as noted above, increased hot tail length suggests a strongly increased extreme air temperature, which might have even stronger impacts on human health and social economy.
Global warming is shown to be spatially non-uniform ( Figure 2 and also see [27] ). As shown above, factors controlling the likelihood of hot extreme occurrence change vary with the magnitude of global warming. Hence, the accuracy of estimating the spatial variability of mean temperature change would be vital for projecting the future regional hot extreme occurrence. Additionally, the capability of capturing the air temperature tail change should be the primary goal of climatic models
at areas where mean temperature shift is insignificant. For instance, neglecting the hot tail changes of the air temperature will incorrectly predict a decreased NHD change in Southeast China, which will be strongly in contrast with the observed NHD changes.
However, it should be noted that CMDC air temperature is more densely observed in humid Southeast China (e.g., see Figure 2 ). Therefore, there might be a lack of sufficient observation sites in arid and dry-wet transitional climate zones (northwest China and Tibetan Plateau). Hence, the next step will include global-wide temperature observations across all climate zones. This might be preferable for a comprehensive exploration of changes in historical air temperatures. 
